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Interest among astronomers in the detection of extra-solar planets is accelerat- 
ing with the growing realization that it may soon be technically feasible. 1 The 
ongoing renaissance in telescope construction 2,3 and the anticipated launches of 
new space platforms 4 ' 5 ' 6 are encouraging many scientists to review and improve 
the means by which planets can be discovered. 7 ' 8 ' 91011 The direct detection of 
the light from a distant planet would be the most compelling means of discov- 
ery and to gauge the feasibility of various search strategies, astronomers have 
traditionally used the current Jupiter as a benchmark planet. However, in prin- 
ciple, extra-solar giant planets (EGPs) can have a wide range of masses and 
ages, 12 and, hence, can be significantly brighter than Jupiter. Furthermore, the 
maximum mass a planet can have is not known from first principles, 13 and ob- 
servations will be needed to determine it. We predict the optical and infrared 
fluxes of EGPs with masses from 0.3 through 15 Jupiter masses and ages from 
10 7 through 5 x 10 9 years that searches in the next few years may reveal. 

EGPs will radiate in the optical by reflection and in the infrared by the thermal 
emission of both absorbed stellar light and the planet's own internal energy. To calculate 
their cooling curves, we used the Henyey code previously constructed to study brown 
dwarfs and M dwarfs. 14 ' 15 Below effective temperatures (T e ff) of 600 K, we employed the 
atmospheres of Graboske et a/., 16 who included opacities due to water, methane, ammonia, 
and collision-induced absorption by H2 and He. The gravity dependence of the EGP 
atmospheres was handled as in Hubbard. 17 Above T eff = 600 K, we used the X model of 
reference 15. The two prescriptions were interpolated in the overlap region. We employed 
the hydrogen/helium equation of state of Saumon & Chabrier 18 ' 19 and ignored rotation 
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and the possible presence of an ice/rock core. 20 ' 21 The EGPs were assumed to be fully 
convective at all times. We included the effects of "insolation" by a central star of mass 
M* and considered semi-major axes (a) between 2.5 A.U. and 20 A.U. Giant planets may 
form preferentially near 5 A.U., 22 but a range of a's can not be excluded. We assumed that 
the Bond albedo of an EGP is that of Jupiter (0.35). 23 For this study, we evolved EGPs 
with masses (M p ) from 0.3 Mj (the mass of Saturn) through 15 Mj(Mj^ 1.9 x 10 30 g, 
where Mj is the mass of Jupiter). Whether a 15 Mj object is a planet or a brown dwarf 
is largely a semantic issue, though one might distinguish gas giants and brown dwarfs by 
their mode of formation (e.g. in a disk or "directly"). Physically, compact hydrogen-rich 
objects with masses from 0.00025 M Q through 0.25 M Q form a continuum. However, our 
EGPs above ~13 Mj do burn "primordial" deuterium for up to 10 8 years. Note that any 
search for giant planets will perforce be even more capable at discovering brown dwarfs. 

The evolution of the bolometric luminosity (L bo i ) of our suite of EGPs orbiting 5.2 
A.U. from a G2Vstar is depicted in Figure 1. One is struck immediately by the high 
L bo i 's for early ages and high masses. That a young "Jupiter" or "Saturn" will be bright 
has been known for some time, 16 ' 17 ' 20 ' 21 ' 24 ' 25 ' 26 but ours are the first detailed calculations 
for objects with M p > Mj and ages, t, greater than 10 7 years. Below about 10 Mj , L bo i 
is very roughly proportional to M^/t 13 , where 1.6 < a < 2.1 and 1.0 < (3 < 1.3. An 
EGP with a mass of 2 Mj at age 10 7 years is two thousand times brighter than the current 
Jupiter (and its T e ff is ~700 K). At the age of the Pleiades (~ 7 x 10 7 years), such an 
EGP would be ~ 200 times brighter (with T e ff ~ 420 K) and at the age of the Hyades 
(~ 6 x 10 8 years) it would be ~ 18 times brighter (with T e // ~ 235 K). The measured 
L bol and T eff of Jupiter are 2.186 ± 0.022 x 10" 9 L© and 124.4 ± 0.3 K, respectively. 27 At 
an age of 4.55 Gyr, our model of Jupiter has a luminosity of 2.35 x 10~ 9 L© and an effective 
temperature of 122 K. 

A complete discussion of our results is deferred to a later paper (Saumon et al, in 
preparation). However, a few "facts" will serve to illustrate the character of massive, young 
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EGPs. Since the fluxes shortward of 10 jum (the N band) are generally on or near the Wien 
tail of the EGP spectrum, the fluxes in the near- and mid-infrared spectral bands increase 
even faster with mass and youth than L\, i • In particular, assuming that the emission is 
Planckian, that the orbital separation is 5.2 A.U., and that M* equals 1.0 M©, Jupiter's N 
band flux would be ~ 8000 times higher at age 10 7 years than it is now. At the age of our 
solar system, a 2 Mj EGP and a 5 Mj EGP would be ~ 6 and ~ 90 times brighter in the N 
band than the current Jupiter. Furthermore, in the M band (~ 5 /(/m), a 2 Mj EGP would 
be ~ 60,000 times brighter at 10 7 years than the current Jupiter, but at 10 9 years "only" 
~ 2.5 times brighter than a coeval Jupiter. At the age of the Hyades, Saturn would be as 
bright as the current Jupiter. The fluxes at Earth due to the thermal emissions shortward 
of 10 //m of EGPs in the Pleiades (D ~ 125 parsecs) would be greater than those from 
EGPs in the Hyades (D ~ 45 parsecs), despite the latter's relative proximity, because the 
Pleiads are younger (and, hence, at higher T e ff). 

In this paper, we focus on the crucial question of the brightness of EGPs as a function 
of age and mass to aid in the development of search strategies. However, the detection of 
EGPs requires telescopes with both high sensitivity and high angular resolution. The latter 
is necessary to discriminate the planet from the star and can be compromised by the pres- 
ence of scattered light in the telescope optics. Nevertheless, it is expected that the Large 
Binocular Telescope 2 (LBT), the Near Infrared Camera and Multi-Object Spectrometer 4 
(NICMOS), and the Space InfraRed Telescope Facility 5 (SIRTF) will have both the sen- 
sitivity and the angular resolution (see caption for Figure 3) to discover EGPs with a 
variety of realistic combinations of a and D. It is not our purpose here to discuss various 
detection strategies, nor to explore the consequences of every combination of M p , M*, a, 
D, and telescope. Rather, in Figures 2 and 3, we compare theoretically predicted fluxes 
for a few representative values of a and D and various EGP ages and masses with the flux 
sensitivities of various ground- and space-based telescopes currently being developed. 

Figure 2 depicts the flux in Janskys versus wavelength at 10 parsecs for a 1 Mj and a 
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5Mj EGP that are 5.2 A.U. from a G2 Vstar (a solar analog), at times between 10 7 and 
5 x 10 9 years. We have made the assumption that the thermal emissions are blackbody 
and have included the reflected light. Also shown on Figure 2 are the 5a point-source 
sensitivities at various wavelengths for SIRTF, 4 the LBT, 2 the upgraded "Multiple Mirror" 
Telescope 2 (MMT), Gemini, 3 the Stratospheric Observatory For Infrared Astronomy 28 
(SOFIA), and the three NICMOS cameras. 4 As is indicated in Figure 2, the LBT and 
NICMOS have the flux sensitivity to see at 10 parsecs the reflected light of such EGPs at 
any age. At the diffraction limit, these instruments will also have the requisite angular 
resolution. At 10 parsecs, SIRTF has the flux sensitivity between 5 jum and 10 fim to 
detect the thermal emissions of both a 5 Mj EGP, for ages less than 10 9 years, and a 
Jupiter at 10 A.U., for ages less than 10 8 years. Figure 3 shows the fluxes from EGPs with 
masses between 0.3 Mj and 5 Mj orbiting at 10 A.U. around an AO Vstar (e.g., a Vega 
analog) at a distance of 10 parsecs from the Earth. Its age is 2 x 10 8 years, just shy of its 
main-sequence lifetime. It can be seen that the reflected light from all EGPs at 10 A.U. 
around such a bright star will be detectable by the LBT, the MMT, and NICMOS, since 
all these platforms will achieve angular resolutions well below 1". Furthermore, the SIRTF 
sensitivities in the mid-IR would be just adequate to see even a Saturn-mass object around 
an AO Vstar at this age, distance, and separation. Though SIRTF may not achieve the 
necessary 1" performance, it should have the angular resolution to discover similar EGPs 
at somewhat smaller D's and larger a's. 

Interestingly, NICMOS is sensitive enough to detect any widely-separated EGP with 
a mass greater than 6 Mj around any main-sequence star as far away as the Pleiades, while 
SIRTF has the sensitivity to detect any "free-floating EGPs" in the Pleiades with a mass 
greater than 4 Mj . This is because the internal energy of a young EGP alone is adequate 
to power it in the relevant spectral bands. None of the anticipated telescope systems will 
have the angular resolution to probe for an EGP in the Pleiades, unless it is many tens of 
A.U. from its central star. 
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Clearly, searches around early main sequence stars or in very young stellar systems will 
select for the youngest and most massive planets. Crude models of giant planet formation 
around a solar-mass star permit objects up to 10 Jupiter masses to form. 12 The most 
massive planet in our solar system is Jupiter and why there are none more massive is not 
understood. The lifetime of our gaseous proto-planetary disk may have been short 29 or 
the disk may have been tidally truncated by the growing planet itself. 13 Good statistics on 
the population of EGPs will better constrain proto-planetary disk processes. The absence 
of a Jupiter-class planet in a planetary system would imply a very different population 
of cometary-sized planetesimals than exists in our own solar system, and this may have 
important implications for the origin, evolution, and survival of life on rocky "terrestrial" 
planets. 30 Only sensitive and systematic searches such as those we anticipate over the next 
decade will directly address these important issues of planet formation. 
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FIGURE CAPTIONS 



Figure 1: Bolometric luminosity (L^oi ) in solar units of a suite of EGPs placed at a distance 
of 5.2 A.U. from a G2 Vstar versus time (t) in Gyr. The reflected luminosity is not 
included, but the absorbed component is. At t ~ 0.2 Gyr, the luminosity of the 
14 Mj EGP exceeds that of the 15 Mj EGP because of late deuterium ignition. The 
data point at 4.55 Gyr shows the observed luminosity of Jupiter. 27 The 0.3 Mj EGP 
exhibits a strong effect of warming by the G2V primary star at late stages in its 
evolution. Although this model resembles Saturn in mass, here it is placed at the 
distance of Jupiter from its primary. (The flattening in L vs. t for low masses and 
great ages is a consequence of stellar insolation.) The insert shows, on an expanded 
scale, the comparison of our lowest-mass evolutionary trajectories with the present 
Jupiter luminosity. 

Figure 2: Spectral dependence of the flux received at the Earth from extra-solar giant planets 
(EGPs) orbiting at 5.2 A.U. from a G2 Vstar at 10 parsecs from the Earth (The orbit 
subtends an angle of ~0.5"). Objects of lMj (top panel) and 5Mj (bottom panel) 
are displayed at the following ages: log t(yr) = 7.0, 7.5, 8.0, 8.5, 9.0, 9.5, 9.7 (from 
left to right). The reflected component of the light is essentially independent of the 
mass and the age of the EGP. The EGP is assumed to emit like a blackbody and to 
reflect incident light as a grey body. Standard photometric bandpasses are shown at 
the top. Also shown are the design sensitivities of several astronomical systems for 
the detection of point sources with a signal-to-noise ratio of 5 in a 1-hour integration 
(40 minutes for NICMOS). These systems are the LBT and MMT (solid circles and 
square, respectively) , the three cameras of NICMOS (open triangles, 3-pointed stars 
and solid triangles), SIRTF (solid bars), and Gemini and SOFIA (dashed bars). The 
spectrum of a G2 Vstar was provided by A. Eibl (private communication, 1995). It 
should be stressed that while SIRTF is unlikely to have the angular resolution to detect 
the EGPs of this example, the same EGPs at slightly larger separations around a star 
that is slightly closer will be well within its detection envelope (see caption for Figure 
3). 
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Figure 3: Same as Figure 2, but for EGPs orbiting 10 A.U. from an AO V star whose age is 
2.0 x 10 8 years and whose distance is 10 parsecs. (The angular separation is 1".) From 
left to right, the curves correspond to masses of 5, 4, 3, 2, 1, 0.5 and 0.3 Mj . The 
spectrum of an AO V star is from Dreiling & Bell. 31 Note that the heating by this star at 
10 A.U. is quite significant for all lower-mass EGPs and that the reflected component 
of an EGP is ~80 times brighter when it orbits an AO V star than when it orbits a 
G2 Vstar. The MMT, the LBT, and NICMOS (on the Hubble Space Telescope), with 
apertures of 6.5 meters, 8.4 meters (x2), and 2.4 meters, respectively, will achieve 
angular resolutions near their respective diffraction limits (R. Angel, 2 N. Woolf, and 
G. Schneider, private communications). Being a mid-infrared platform with a 0.85- 
meter aperture, SIRTF's angular resolution will, quite naturally, be poorer than that 
of the optical and near-infrared platforms. However, with super-resolution techniques, 
SIRTF should be able to resolve EGPs at somewhat larger a's and smaller distances 
than used for this figure (F. Low, private communication). 
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